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Summary
Intermediary metabolism molecules are orchestrated
into logical pathways stemming from history
(L-amino acids, D-sugars) and dynamic constraints
(hydrolysis of pyrophosphate or amide groups is the
driving force of anabolism). Beside essential metabo-
lites, numerous variants derive from programmed or
accidental changes. Broken down, variants enter
standard pathways, producing further variants. Mac-
romolecule modiﬁcation alters enzyme reactions
speciﬁcity. Metabolism conform thermodynamic
laws, precluding strict accuracy. Hence, for each
regular pathway, a wealth of variants inputs and pro-
duces metabolites that are similar to but not the exact
replicas of core metabolites. As corollary, a shadow,
paralogous metabolism, is associated to standard
metabolism. We focus on a logic of paralogous
metabolism based on diversion of the core metabolic
mimics into pathways where they are modiﬁed to
minimize their input in the core pathways where they
create havoc. We propose that a signiﬁcant propor-
tion of paralogues of well-characterized enzymes
have evolved as the natural way to cope with
paralogous metabolites. A second type of denoue-
ment uses a process where protecting/deprotecting
unwanted metabolites – conceptually similar to the
procedure used in the laboratory of an organic
chemist – is used to enter a completely new catabolic
pathway.
Introduction
Metabolism is at the heart of life. Between life and death,
there exists a state where life is in limbo, dormancy, but a
dormant seed or spore will be considered alive only when
a ﬂux of matter and energy resumes, initiating metabo-
lism. This state of ﬂux has striking but uncharted conse-
quences at the border between permanence and change.
To visualize the quandary, an old historical myth provides
a vivid illustration of the question raised, when describing
the return of Theseus, the king of Athens, from Crete: The
ship wherein Theseus and the youth of Athens returned
had thirty oars, and was preserved by the Athenians down
even to the time of Demetrius Phalereus, for they took
away the old planks as they decayed, putting in new and
stronger timber in their place, insomuch that this ship
became a standing example among the philosophers, for
the logical question of things that grow; one side holding
that the ship remained the same, and the other contend-
ing that it was not the same [Plutarch 75 ACE (translated
by John Dryden, 1994)]. Despite the variety in the kind
and age of swapped planks, something of the ship
remained unaffected regardless of the passing of time.
This mysterious attribute lies in the information carried by
the relationships that link the planks together (Gell-Mann
and Lloyd, 1996). In the same way, while we commonly
focus on the material make up of living organisms, life is
a science of dynamic relationships between a variety of
objects from very concrete molecules, where the arrange-
ment of unique chemical bonds is cardinal, to the fairly
abstract domain of regulation.
Life began with carbon-based chemistry and ended up
with the ﬂourishing of genes and gene expression (Dyson,
1985). Life as we know it programs via its genome the
building up and management of compartmentalization
(the cell’s envelope, its nanomachines such as the ribo-
some or adenosine triphosphate (ATP) synthase, and a
variety of other contraptions) and metabolism (chemical
ﬂuxes linking catalytic centres together, constructing and
breaking down molecules for the manufacture, storage,
salvage, maintenance of the cell’s building blocks,
coupled to energy management). For decades, interme-
diary metabolism was commonly considered as a boring
haphazard collection of chemicals. It was taught in
classes where students tried to remember by heart lists of
compounds not really understood as following much logic.
Yet, there is logic in the design of metabolism, and this
logic begins to be deciphered in a complete revival of
the topic. To describe this logic would ask for a whole
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beginning to emerge, focusing on a seldom-described
facet of metabolism, paralogous metabolism, that results
from the unavoidable presence of errors in the unfolding
of metabolic processes. We discuss paralogous metabo-
lism as a shadow of core metabolism that operates on
variants of core metabolites. It is both a way to dispose of
potentially toxic variants, and making use of the inevita-
bility of errors, it initiates an exploration of novel pathways
that may evolve into beneﬁcial functions.
The logic of biomolecules’ atomic composition
Present in most scenarios depicting the origins of life
(Dyson, 1985), the chemicals that make up metabolism
can be understood with textbook knowledge: why are the
elements we ﬁnd in living organisms in limited number?
Why are they those we know? The short answer is
straightforward. Life develops around 300 K, with water
as its bathing medium and key metabolite.Acore property
of life’s components is that beside a limited number of
small molecules (a few tens of atoms), it is made of
macromolecules, giant polymers obtained by elimination
of a water molecule between a small alphabet of basic
building blocks, amino acids and nucleotides. This seem-
ingly simple arrangement allows management of informa-
tion; while the backbone of these polymers is invariable,
their side chains can be arranged in an unlimited variety of
combinations. This informational view must however
reckon with much physicochemical constraints. Making
long-lived molecules, and a fortiori polymers, implies
forming stable covalent bonds. A covalent bond material-
izes when electrons share their presence between two or
more atoms’nuclei. This has a strong logical implication in
terms of physics. Only the atoms belonging to the ﬁrst
rows in the periodic table of elements can make covalent
interactions that are both varied and stable. The best
candidates for making stable covalent links are, beside
hydrogen, some of the atoms present in the second row of
the periodic table. With its tetrahedral propensity for
making covalent bonds, carbon is the atom that best
explores the three dimensions of space. Three atoms are
excluded for cosmological reasons: lithium, beryllium and
boron are rare in the universe (Bernas et al., 1967). Fluo-
rine is also excluded because carbon-ﬂuorine bonds are
too stable to be easily exchanged (Furuya et al., 2008).
This limits the basic atoms of life to hydrogen, carbon,
nitrogen and oxygen (typically, the atoms combined in
extraterrestrial molecules, see, e.g. Pizzarello et al.,
2011).
Further down in the table, the atoms are progressively
less prone to make covalent bonds that are both diversi-
ﬁed and stable. They become involved in the building up
of electrostatic bonds (much weaker than covalent bonds)
and in electron transfers (redox reactions). Several play
critical roles in the biological catalytic reactions needed to
construct, modify and destroy covalent bonds, and
produce electrostatic interactions (metals) and more or
less complicated electron transfers (transition metals and
complex anions such as molybdate or tungstate). Two
notable exceptions remain, sulphur (the higher homo-
logue of oxygen) and phosphorus (the higher homologue
of nitrogen). Phosphorus has been retained because
of a unique chemical property of phosphates in water;
these ionic structures can easily polymerize or form
phosphoesters by dehydratation. Furthermore, whereas
their hydrolysis is exothermic, they remain stable at 300 K
in water because phosphate hydrolysis requires a consid-
erable energy of activation. This allowed phosphates to
become a unique energy store and currency while
keeping the ability to be retained in macromolecules as
phosphodiester bonds (Westheimer, 1987). Sulphur is
involved in electron transfers, in formation of energy-rich
thioesters and via its affinity for iron, in making iron-
sulphur clusters that probably had a seminal role in the
origin of life on Earth, where it is quite abundant
(Wickramasinghe, 1973). In a way, not so different from
the build up of man-made crafts such as Theseus boat,
these atoms are combined into all the components of life,
following certain informational rules. Obeying these rules,
however, cannot be strictly accurate. They have a fuzzy
character associated to the inevitable thermal ﬂuctua-
tions. The appearance of metabolic shadows resulting in
mimicry or paralogy plays a prominent role, as discussed
later. At the level of atoms, this inevitable outcome is
visible with some metals (those with an octahedral coor-
dination sphere tend to swap roles, e.g. cobalt or manga-
nese replacing magnesium) and at least one atom,
selenium, sometimes mimics and replaces sulphur.As it is
the rule with the way living organisms trap information
(Binder and Danchin, 2011), this property, despite being
the source of selenium toxicity, was recruited in a positive
outcome of evolution as the 21st proteinogenic
aminoacid, selenocysteine (Johansson et al., 2012).
Selenocysteine is thus the ﬁrst paralogous metabolite
(Fig. 1), highlighting the positive and negative roles of the
cognate paralogous pathways as a function of the distri-
bution of selenium in natural and anthropized environ-
ments and accumulation via the food web (Daniels, 1996;
Hladun et al., 2012).
Elements of the logic of metabolism
As a start point, and among many choices, we illustrate
some features of textbook metabolism that have seldom
been understood as following consistent biochemical
logic. This will allow us to understand how this logic opens
up an entirely new world of metabolic options.
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widely noticed that life is built up using L-amino acids and
D-sugars. A prevailing, generally unconscious vitalist view
assumes that the amino acid chiral bias cannot be con-
tingent but must result from a particular causal process (or
even design) that needs to be explained (see for example
a physicists’ view, Boyd et al., 2013). However, the cost of
maintaining symmetry makes it futile to look for an enlight-
ening cause of a primary break of symmetry. The simplest
logic here is that once a contingent break of symmetry
has occurred, it constrained further breaks (Gleiser et al.,
2008). The chemical world of life was doomed to become
asymmetrical.
However, subsequent related questions open up: is
there a link between the two chiral preferences? Does the
L- choice for amino acids impose the D- choice for car-
bohydrates? Prebiotic carbon chemistry formed a great
many speciﬁc chiral molecules in racemic proportions at
the onset of their synthesis. Maintaining symmetry can be
extremely costly. At some point a symmetry-breaking
Fig. 1. The logic of metabolism and its consequences. We summarize here some of the logic of metabolism: atoms required to make stable
covalent bonds, manage energy and electron transfers, with selenium as a paralogous atom of sulphur; the L-amino acids in proteins impose
D-carbohydrates, and subsequently, paralogous metabolism creates novel functions for D-amino acids and L-carbohydrates; ﬁnally, metabolism
is a dynamic process where the ubiquitous presence of water is used to drive reactions forward. Pyrimidine nucleotides biosynthesis (see text
for details) requires pyrophosphate hydrolysis to prevent uracil to enter DNA. Salvage of methionine uses an irreversible step where
2-ketoglutaramate is produced and subsequently hydrolysed into 2-ketoglutarate.
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lation of a particular class of stereoisomers, L-amino acids
for example. In the same way as continental Europeans
drive on the right, it would be difficult to change the rule.
The start point – to drive on the left or on the right – may
have been contingent, although being right-handed cer-
tainly had a say in the initial rule of riding left. We can start
on either side, but once chosen, one must keep it as it is
to avoid conﬂicts, unless an external command comes to
reorganize the whole. Once chiral molecules became
involved in their own synthesis or salvage – this must
be so because reproduction entails some level of
autocatalysis (Dyson, 1985; Markovitch et al., 2012) –
they were trapped into their ﬁrst chiral imbalance. A
restricted alphabet of proteinogenic amino acids was then
picked up, constrained by the requirements of ubiquitous
metabolic pathways and by the availability of carbon,
nitrogen and sulphur, as well as overall metabolic costs
(Akashi and Gojobori, 2002; Pascal et al., 2006; Kaleta
et al., 2013). Twenty (22, with selenocysteine and
pyrrolysine) L-amino acids constitute the basic building
blocks of proteins. Retained during evolution, they are
now recognized by all enzyme cavities in a highly space-
constrained way. As a consequence, most proteases
and peptidases are active on chains made of the L-
enantiomers, not their D- counterparts. As a common
functional consequence of established constraints, una-
voidable errors opened the logic for a selection pressure
leading to protease-insensitive protective structures that
evolved towards containing the resistant D-isomers
(Werle and Bernkop-Schnurch, 2006) and accounting for
the structure of antibiotics and murein.
A further selection pressure was also set in motion. It
explains the ubiquity of D-carbohydrates. Translation is at
the core of life. Any interference with the process is
deleterious, as seen in the role of the majority of anti-
biotics. In particular, molecules that mimic proteinogenic
aminoacids display some toxicity (see, e.g. Bence and
Crooks, 2003; Sakurama et al., 2009). Replacing the
alpha-amino group with a hydroxyl group creates a mol-
ecule that is a potentially toxic mimic of a proteinogenic
amino acid. As a case in point, L-glycerate is similar to
L-serine and competes with it in many reactions (Fig. 1).
Hence, D-glycerate is the preferred stereoisomer,
L-glycerate being generally toxic (Zhu and Lin, 1987).
D-glycerate-related molecules are pivotal in carbohydrate
metabolism. It follows that the majority of carbohydrates
are of the D- stereoisomer type. This stereochemical con-
straint has consequences for the make-up of nucleic
acids. Its logic explains why most biologically relevant
carbohydrates, ribose and deoxyribose, in particular, are
of the D- type. Selection of a bias has the consequence
that it creates opportunities for using the symmetrical bias
in novel functions. As for L-amino acids errors in this D-
chirality bias triggered a selection pressure that resulted
in the formation of L-sugars such as L-rhamnose [e.g. in
rhamnolipids (Aguirre-Ramirez et al., 2012)]. These com-
pounds created an opportunity for the emergence of novel
metabolic pathways as they were subsequently accumu-
lated in the environment. They are even used as a pre-
ferred carbon source by some organisms (Kim et al.,
2012).
The logic of metabolism’s dynamics: driving reactions
forward The view just presented is static. Yet, metabolism
is a dynamic process. Beside the logic that clusters mol-
ecules along with common speciﬁc structural properties,
the time-dependent direction of biochemical processes
must also follow a logical ordering. We illustrate this logic
with examples displaying the key role of hydrolysis.
Hydrolysis of pyrophosphate drives anabolism
The great majority of biochemical reactions is reversible.
This is even the case of obviously anabolic reactions such
as that carried out by DNA polymerase (Lahiri et al.,
2013). Still, most organisms keep building up new
biomass. A forward direction must be imposed on major
anabolic reactions despite reversibility. Can we identify
the forces driving this process? Consuming energy to go
forward is likely, but sparing as much energy as possible
is important as well. Phosphate-related bonds play a key
role in this domain because of the high activation energy
necessary for hydrolysis. The upshot of this faculty is that
in notable salvage processes, phosphorolysis is used
instead of hydrolysis to preserve energy-rich phosphate
bonds. This accounts for the presence of polynucleotide
phosphorylase in the RNA degradosome. While the
enzyme can work as a polymerase without template,
it is mainly used as a source of the ribonucleoside dipho-
sphates that are the precursors of the deoxyribonu-
cleotides (Danchin, 2009; Becket et al., 2012). Indeed,
synthesis of deoxyribonucleotides uses ribonucleo-
side diphosphates, not triphosphates, as substrates.
dNDPs are subsequently phosphorylated by nucleoside
diphosphokinase via a reversible reaction driven by the
excess of ATP over adenosine diphosphate (ADP). This
organization has an unexpected consequence: de novo
pyrimidine biosynthesis goes through uridine diphosphate
(UDP) as an intermediate, but uridine triphosphate
(UTP) is the direct precursor of cytidine triphosphate
(CTP), so that no cytidine diphosphate (CDP) is formed
(Fig. 1). If this was not balanced by other pathways, U
would readily go into DNA, which would lack C (Nitschke
et al., 1998). The only way to prevent U entering DNA
during replication is to keep the deoxyuridine triphosphate
(dUTP) concentration as low as possible. This is achieved
via the action of an essential enzyme, dUTPase, that
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cursor of deoxythymidine monophosphate (dTMP)] and
pyrophosphate (PPi) (Persson et al., 2001). Because the
reaction is reversible, this can only be met if the PPi
concentration is kept low. This target is brought about
by pyrophosphatase, demonstrating that PPi hydrolysis
is a key metabolic driving force (Fig. 1). A similar answer
is established for transcription and replication (Lahiri
et al., 2013): in the presence of PPi, the polymerases go
backwards.
PPi is thus used as the pivotal element in anabolism.
Besides being involved in the biosynthesis of all
macromolecules (translation, transcription, replication,
synthesis of polysaccharides used in storage, adhesion
and protection . . .), it is a ubiquitous product of countless
anabolic processes (Heinonen, 2001). It is found in the
synthesis of amino acids (asparagine, arginine, cysteine,
histidine . . .), coenzymes [coenzyme A, folate, nicotina-
mide adenine dinucleotide (NAD), riboﬂavin . . .], the
ubiquitous key metabolite S-adenosylmethionine, phos-
pholipids and murein. It is also involved in regulation (for
example in synthesis of cAMP, cyclic 3′,5′ adenosine
monophosphate). Modulation of the PPi level can be
tuned as a key strategy for modulation of biological func-
tions, including management of information. As expected,
pyrophosphatase is ubiquitous and essential (Kajander
et al., 2013). The logic of its involvement is straightforward
despite the fact that it appears to be wasting energy. It is
likely that membrane pyrophosphatase – sometimes
thought to generate PPi (Russell et al., 2013), contrary to
what is proposed here – is designed to recover some
energy via creation of a proton gradient that may be used
to drive ATP synthesis (Luoto et al., 2011; Huang et al.,
2013; Kajander et al., 2013).
Irreversible deamidation prevents unwanted catabolism
Analysis of seemingly wasteful or enigmatic reactions is a
way to identify the underlying logic of metabolic steps.
Eventhough reactions are reversible, the high concentra-
tion of water makes that hydrolysis will generally dominate
reactions where water is involved. Here is another
example. Most aminotransferases use an amino acid as
the alpha-amino group donor. In many cases, aspartate or
glutamate is the donor, as expected from their central
place in metabolism. The reaction produces oxaloacetate
or 2-ketoglutarate that nicely enters the TCA cycle. Yet, in
some cases, glutamine is used as the alpha-amino group
donor. This is surprising because the product of the reac-
tion, 2-ketoglutaramate, is a reactive molecule that does
not readily enter metabolism and is generally toxic. It
can also spontaneously cyclize into the lactam form
2-hydroxy-5-oxoproline, the fate of which has not been
explored in-depth. Paralogous metabolites such as
succinamate (Krasnikov et al., 2009) or oxamate
(Bojanowski et al., 1964) are also produced under a
variety of conditions, but not much is known about their
fate despite some knowledge of omega-amidases in
Eukarya (Mora, 1990; Jaisson et al., 2009). In Bacteria,
analysis of the main origin of 2-ketoglutaramate revealed
that it is the result of a transamination reaction producing
methionine (Berger et al., 2003). This reaction is the ﬁnal
step of the methionine salvage pathway (Sekowska et al.,
2004). In Bacillus subtilis, this pathway is connected with
an enzyme, MtnU, the omega-amidase that hydrolyses
2-ketoglutaramate to 2-ketoglutarate (Belda et al., 2013).
The presence of this reaction based on hydrolysis intro-
duces an irreversible step that prevents methionine deg-
radation, allowing the cell to save a costly metabolite
(Fig. 1). More generally, this reaction is used in fungi to
drive ammonium acquisition (Mora, 1990). Many more
similar reactions, where hydrolysis is the driving force, will
eventually be found in the future. Surprisingly, not much is
known about the likely ubiquitous presence in the envi-
ronment of these molecules or their cyclization product
(2-hydroxy-5-oxoproline and succinimide, for example),
and as a consequence, not much is known about meta-
bolic pathways that would use them (Ogawa et al., 1996).
Fuzzy logic: potpourri of the metabolic consequences of
the passing of time
The logic exposed earlier assumes that pathways and
metabolites are invariable. Yet, enzymes are macromol-
ecules, and all macromolecules are prone to age with
concomitant slips in activity. Many are modiﬁed post-
transcription or post-translation. Some must also turnover
to bring about regulatory functions. When not susceptible
to repair, macromolecules are shredded into small pieces,
producing some of the original building blocks, which are
salvaged and recycled. Modiﬁed residues, which come
either from programmed modiﬁcations or from age-related
alterations, build up a collection of non-standard metabo-
lites, the ultimate fate of which has seldom been explored.
A further source of non-standard metabolites results from
inaccuracies in the enzyme reactions. All these metabo-
lites, whether resulting from programmed pathways,
errors or ageing, are mimics of core metabolites. They
may take their place in existing pathways, starting a
further source of metabolic variants. This is the entry point
of a variety of shadow pathways, generally structurally
related to core pathways, that we named paralogous
metabolism.
While the existence of programmed modiﬁcation of bio-
logical compounds, as well as modiﬁcations related to
senescence are widely acknowledged (but poorly
explored in general, e.g. scanning PubMed or PubMed
Central or even Google for ‘3-methyladenine degradation’
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that enzyme activities may be tied to a systematic produc-
tion of errors in vivo is just beginning to be explored [in the
context of animal metabolic disorders (Van Schaftingen
et al., 2013)]. Yet, the idea that errors played a critical role
in the development of life goes back to the reﬂections that
resulted in the concept of evolution by natural selection.
Evolution required that variants existed, and in a process
dominated by reproduction, this meant that the progeny
was not systematically an exact copy of the parents, but
a similar copy (Dyson, 1985). ‘Similar’ implied that the
process of reproduction was not always faithful. With the
advent of genetics and the understanding of DNA as
the carrier of the organism’s blueprint, the reﬂection
focused on the idea of mutations as errors during and
after the process of DNA replication. A considerable body
of studies was therefore devoted to the exploration of
errors and proofreading at the level of DNA (Dalhus et al.,
2009). In contrast, not much work explored the ubiquitous
presence of errors elsewhere in biological processes,
except during translation (Hopﬁeld, 1974; Pechmann
et al., 2013). Yet, exquisitely accurate and speciﬁc
enzymes were not born fully grown and armed with the
properties some [but by no means all (Yip and
Matsumura, 2013)] display today. Ancient enzymes were
fuzzy in the way they recognized their substrates
(Kajander et al., 2013). In the course of evolution, many
but far from all, progressively became more and more
speciﬁc (Nam et al., 2012).
It was recognized 40 years ago that the ability of many
enzymes to catalyse the metabolic ﬂow of multiple sub-
strates plays a key role in the evolution of new function
(Jensen, 1976; O’Brien and Herschlag, 1999). This
may account for the fact that core pathways in extant
organisms still display functional promiscuity. For
example, the biosynthesis of valine, isoleucine and
pantothenate shares several enzymes (acetolactate
synthase, acetohydroxy acid isomeroreductase, dihy-
droxy acid dehydratase, branched-chain amino acid
aminotransferase), while these metabolites originate from
pyruvate (valine and pantothenate) and 2-ketobutyrate
(isoleucine) (Park and Lee, 2010). In the same way, serine
and pyridoxal-phosphate synthesis share aminotrans-
ferase SerC that recognizes two different substrates
(Drewke et al., 1996) (Fig. 2).
A variety of such housekeeping paralogous pathways
exist in different organisms and enzyme activity moon-
lighting is the rule rather than the exception. Many expla-
nations have been proposed to account for that situation,
in particular ‘demands for higher metabolic ﬂux may
provide an evolutionary selective pressure to enhance an
enzyme’s catalytic rate and reduce the required enzyme
concentration. However, catalytic improvements for one
substrate of a generalist enzyme can suppress other cata-
lytic activities’ (Nam et al., 2012). The outcome is that
both enzyme substrates and enzymes are somewhat
fuzzy. In short, cells keep making compounds similar to
housekeeping metabolites. Because they are similar to
normal compounds, they may easily take their place in
some of the standard reactions of the cell and poison
them. They may also be recruited for the construction
of novel pathways that may be beneﬁcial for the
organism that is competing with others for resources in
the environment.
This has considerable consequences as, from the
chemical point of view, there is no difference between a
regular substrate and a chemically related compound. It
follows that errors and programmed modiﬁcations must be
considered together as they are often chemically related
and as the explicit and possibly anecdotal sequence of
events that gave rise to a particular metabolite does not
show up in its structure. We propose here scenarios for
the becoming of these ubiquitous variants of core metabo-
lites, paralogous metabolites for short. Brieﬂy, the inevita-
bility of errors in metabolic processes has created the
conditions for recurrent recruitment of variants of the
regular building blocks for novel functions in the course of
evolution. This hypothesis entails the generation of a func-
tional logic in the way these metabolites are processed.
Two distinct pathways are emphasized here.
First, the very fact that paralogous metabolites are vari-
ants of key metabolites makes room for them to be pro-
cessed by variants of the enzymes involved in the related
core metabolic pathways. Homeomorphism, a common
concept in chemistry, makes it plausible to consider that
paralogues of core enzymes, continuously produced via
the process of gene duplication followed by mutation
(Kondrashov, 2012), may be recruited for these functions.
This constitutes a novel class of pathways, paralogous
pathways. Unquestionably, they will be difficult to identify
in silico without explicit in vivo experiments [see
for example the difficult identiﬁcation of the highly
similar arginases and agmatinases, often misannotated
(Sekowska et al., 2000)]. Indeed, the initial substrates and
their variants are highly related, so that it is expected that
the structure of the enzymes that process them be also
related.
Because these enzymes are descended from the initial
enzymes they are structurally similar. A great many
enzyme activities that depend on co-factors such as
pyridoxal phosphate or NAD are not fully characterized,
and they make a sizeable proportion of the putative
enzymes of unknown function coded in the many bacterial
genomes that keep being sequenced [see for example the
updated annotation of B. subtilis (Belda et al., 2013)].
Many are likely involved in paralogous metabolism. In the
same way, clusters of genes containing epimerases,
mutases and dehydratases are likely to be involved in the
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paralogous metabolism is widely spread, and it is not
always linked to catabolism. For example, it has been
positively recruited in the genomic islands that code for
surface complex carbohydrates that are based on vari-
ants of core carbohydrate units (see for example
McCallum et al., 2012), contributing to antigenic variation.
Here again, functional recruitment of pre-existing entities
is the rule. Variants of the enzymes that resulted in the
synthesis of erroneous metabolites are obvious candi-
dates to involve them in variant pathways. Hence, a
natural way to evolve is to use paralogues of enzymes to
implement variant – paralogous – pathways. As a matter
of fact, this process has been activated repeatedly in the
course of evolution for the modiﬁcation of nucleic acids:
the same enzyme activity of pseudouridine synthases
Fig. 2. Paralogous metabolism and its consequences. Synthesis of serine and pyridoxal phosphate use an enzyme in common, SerC. This
moonlighting property of enzymes is widespread and is likely to be used in the construction of pathways built on paralogous metabolites. Such
metabolites are ubiquitous and often toxic. We illlustrate the case of S-methyl-cysteine, an analogue of methionine, which shows how
protection via acetylation is used to prevent the metabolite to enter translation while being processed in an oxidative pathway. Upon
deacetylation the molecule follows a straightforward path to yield cysteine (Chan et al., 2013, this issue).
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enzymes that are structurally related (e.g. RluB, RsuAand
possibly YjbC in Escherichia coli). It is also prominent in
many organisms for the parallel degradation of pyruvate
and branched-chain amino acid dehydrogenase com-
plexes (Bunik and Degtyarev, 2008).
Based on a completely different logic, a second family
of pathways has to be considered, especially when the
paralogous compound of interest negatively interferes
with a key pathway. In this situation, paralogous metabo-
lites need to be exported or entered into catabolic path-
ways. Exported molecules enrich the environment in
molecules that initiate a complete universe of possible
nutrients. This opens up the discovery of novel activities
or the recruitment of existing promiscuous activities
(Carbonell et al., 2011; Luo et al., 2012), as discussed
earlier. Yet, export may not be enough to save the cell
from poisoning. For this reason, even before being
exported, addition of a relevant chemical group on the
molecule will prevent its input in important pathways and
possibly tag it for a novel degradation pathway. This can
be achieved by tagging paralogous metabolites with a
ubiquitous chemical group, such as an acyl- or an alkyl-
group (Sekowska et al., 2001). Subsequently, the tagged
compound may be exported [export safety valves used for
other purposes are widespread in cells (Danchin, 2012)]
or enter a speciﬁc catabolic pathway. We have illustrated
the latter situation in an accompanying paper (Chan et al.,
2013), where the fate of S-methyl-cysteine, an analogue
of methionine and branched-chain amino acids is unrav-
elled (Fig. 2). The fascinating logic of the corresponding
pathways is that the cell proceeds in a way quite similar to
that of the organic chemist; it ﬁrst protects the metabolite
so that it does not go astray. Then, it submits it to speciﬁc
catabolic reactions, and ﬁnally, it deprotects the modiﬁed
metabolite, releasing a core building block for the cell
to use.
Concluding remarks
A most intriguing question of biology is that of the emer-
gence of novel functions. To answer it, we depicted
metabolism as submitted to the logic of physicochemical
constraints. We explored the functional consequences of
the presence of variants in metabolism, resulting from
reactions produced by errors or programmed modiﬁca-
tions of biological compounds. Emergence of novel func-
tions always comes from the creation of opportunities.
Paralogous metabolites – the name we give to variants of
regular metabolites – are continuously produced by living
organisms. Had not they been input in novel metabolic
pathways, they would progressively accumulate in
the environment (this is indeed what happens with
lignocellulosic waste). However, their very existence
creates an opportunity for degradation and salvage of
usable elementary components. It also allows for explo-
ration of novel useful functions. There is no function
without a material support that implements it. Evolution by
gene duplications creates the complementary opportunity
via emergence of activities that are similar to those
present in the parent standard pathways. When no valu-
able novel function has yet been discovered, another
logical way to cope with unwanted waste is degradation
to its ultimate components after modiﬁcation of the
unwanted metabolite to prevent it from poisoning regular
pathways. This is indeed the solution that emerged in
some situations, and we can hope that lessons taken from
this particular process will help us conceive novel
approaches to the destruction of man-made pollutants.
Finally, while conforming to the established properties of
matter and the local stability and relevance of known
pathways, the logic of metabolism does not seem to be
optimized in terms of what would be a human engineering
design [but we may dispute that human engineering is
really optimized (Verna, 2011)]. This implies that under-
standing optimization – in particular for managing accu-
racy and sparing energy and matter – will be at the core of
next decade metabolic engineering.
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